In this paper, we investigated the effects of substitution at the 5-position of an asymmetric BODIPY cation sensor to tune its spectroscopic, photophysical, and cation-sensing properties. We introduced substituent groups with differing electron density at the 5-position of 3-[bis(pyridine-2-ylmethyl)amino]-BODIPY, which contains a cation recognition moiety at the 3-position of the BODIPY core, to develop four sensors which all exhibited distinctive ratiometric spectral changes in the presence of Cu 2+ . Aromatic substitution increased the Stokes shift.
In this paper, we investigated the effects of substitution at the 5-position of an asymmetric BODIPY cation sensor to tune its spectroscopic, photophysical, and cation-sensing properties. We introduced substituent groups with differing electron density at the 5-position of 3-[bis(pyridine-2-ylmethyl)amino]-BODIPY, which contains a cation recognition moiety at the 3-position of the BODIPY core, to develop four sensors which all exhibited distinctive ratiometric spectral changes in the presence of Cu 2+ . Aromatic substitution increased the Stokes shift. 1 Substitution with the electron-withdrawing sulfonylphenyl group resulted in the highest fluorescence quantum yield, largest absorption coefficient, and largest spectral shift in the presence of Cu 2+ . The sulfonylphenyl-substituted sensor also exhibited excellent selectivity for Cu 2+ .
Copper (Cu) is a common heavy metal contaminant and it has toxic effects on aquatic organisms such as bacteria, plants, and fish. 1 Excess uptake of Cu 2+ ion can cause diseases, such as
Alzheimer's disease, Menkes disease, and Wilson disease. 2 Atomic absorption spectrometry (AAS) and inductively coupled plasma (ICP) spectroscopy are widely used for determination of heavy metals including Cu. 3 Although these instrumental analyses are precise, they are expensive and sometimes require complicated sample preparation. In addition, they are not employed for on-site monitoring and measure only the total concentration of heavy metals. Therefore, a cost-effective and simple analytical method is needed for determination of heavy metal ions.
Fluorescence spectroscopy is an attractive method for quantifying heavy metal ions due to its high sensitivity, operational simplicity, and versatile instrumentation. 4 Various fluorescent molecular sensors for Cu 2+ have been reported. 5−9 However, most of reported fluorescent Cu 2+ sensors exhibited fluorescence quenching because of paramagnetic property of Cu 2+ . In terms of sensitivity, ratiometric fluorescent sensors are more favorable than those exhibiting only fluorescence quenching ("turn-off") or fluorescence enhancement ("turn-on"). 10 BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) derivatives show many characteristics useful for sensing, such as high molar absorption coefficient and fluorescence quantum yield, sharp 2 absorption and fluorescence bands, and good photochemical stability. 11−13 Furthermore, BODIPY derivatives can be excited with visible light (≥ 500 nm). The most distinctive feature of BODIPY derivatives is that their spectroscopic and photophysical properties can be tuned by appropriate substitution. 14 Among the eight positions of the BODIPY core, substitution of the 3-and 5-position(s) can significantly shift the absorption and fluorescence spectra. 14 Introducing a cation recognition moiety at the 3-position, and a substituent group at the 5-position of BODIPY, can create a ratiometric fluorescent cation sensor. 15−20 Methods for synthesizing these asymmetric BODIPY cation sensors include nucleophilic substitution of BODIPY chloride, 15, 18, 19, 21−24 condensation of 3,5-dimethyl-BODIPY with benzaldehyde, 16, 17 and palladium-catalyzed cross-coupling of BODIPY chloride. 20−22 Nucleophilic substitution of 3,5-dichloro-BODIPY is a practical synthetic method because commercially available (or easily synthesized) secondary amine can be easily introduced as a cation recognition moiety. In previous studies, a methoxy group has often been introduced at the 5-position of BODIPY by nucleophilic substitution. 15, 18, 19, 24 However, few studies have been conducted on substituent effects at the 5-position of asymmetric BODIPY cation sensors. 21, 22 The spectroscopic, photophysical, and cation-sensing properties of the BODIPY fluorescent sensors can depend not only on the cation recognition moiety at the 3-position, but also on the structure as a whole, including the substituent group at the 5-position. DPA] as the cation recognition moiety at the 3-position by aromatic nucleophilic substitution. We report herein the spectroscopic and photophysical properties, and cation sensing abilities, of the resulting sensors.
Results and discussion

Synthesis of BODIPY 1a−d
The chemical structures of BODIPY 1a−d are shown in Figure 1 . The first step uses the SuzukiMiyaura cross-coupling reaction to introduce different aromatic groups (sulfonylphenyl, methoxyphenyl, or phenyl) at the 5-position. 14 The substituent groups differ in electron density. The sulfonylphenyl group is electron-withdrawing, while the methoxyphenyl group is electron-donating.
We also prepared methoxy-substituted BODIPY, by using nucleophilic substitution, and then compared spectroscopic and photophysical properties of the four BODIPY derivatives. In the second step, we introduced DPA as the cation recognition moiety at the 3-position of each BODIPY by aromatic nucleophilic substitution. 25 This recognition moiety has an especially high affinity for Table 1 shows the yield of the first and the second steps in the synthesis. The sulfonylphenyl-substituted BODIPY 1a was obtained in good yield (75% in the first step and 80% 4 in the second step). Although di-substituted BODIPY was also obtained in the first step, mono-substituted compound 2a was mainly obtained for 3h reaction time. Conversely, the methoxyphenyl-substituted BODIPY 1b was obtained in relatively low yield (Table 1 ). Compared to the reaction to yield compound 2a, a small amount of di-substituted BODIPY was obtained in the first step and the starting material compound 3 could be recovered after the reaction. 14 The yield of the subsequent aromatic nucleophilic substitution of bis(pyridine-2-ylmethyl)amine was high in the reaction to obtain BODIPY 1a. Spectroscopic and photophysical properties of BODIPY 1a−d Figure 3 shows the normalized absorption and fluorescence spectra of BODIPY 1a−d.
Methoxy-substituted BODIPY 1d showed the longest absorption wavelength, at 534 nm. Because of extension of the π-conjugation, the fluorescence peak of the aromatic-substituted BODIPY 1a-c occurred at a longer wavelength than that of 1d. The fluorescence peak of the methoxyphenyl-substituted BODIPY 1b occurred at the longest wavelength (599 nm). 
Ratiometric sensing of Cu 2+ with BODIPY 1a
Because BODIPY 1a showed the largest fluorescence quantum yield, absorption coefficient, and spectral shift in the presence of Cu 2+ , we further investigated its performance as a Cu 2+ sensor. Figure 4 shows the influence of Cu 2+ on the absorption and fluorescence spectra of BODIPY 1a.
With increasing Cu 2+ concentration (0−10 μM), the original absorption band around 502 nm gradually decreases, while a new absorption peak at 590 nm appears and increases. Similar changes are observed in the fluorescence spectra, where the fluorescence peak at 581 nm (F 581 ) gradually 7 decreases while another peak at 620 nm (F 620 ) increases.
The fluorescence spectral change in BODIPY 1a, shown in Figure 4b , enables Cu 2+ concentration to be determined from the ratio of fluorescence intensities at 620 nm and at 581 nm (F 620 / F 581 ).
Ratiometric fluorescent sensors are more favorable for quantitative measurement than those exhibiting only fluorescence enhancement ("turn-on") or fluorescence quenching ("turn-off"). 10 Figure 5a shows that the ratio (F 620 / F 581 ) increases with increasing Cu 2+ concentration. Based on the slope of the ratio (F 620 / F 581 ) in Cu 2+ concentration range of 0-4 μM, the detection limit was determined as 3.2 × 10 −7 M. By using a Benesi-Hildebrand plot (Figure 5b ), the dissociation constant (K d ) of the complex between BODIPY 1a and Cu 2+ was found to be 3.82 × 10 −6 M. 30 To assess the selectivity of BODIPY 1a for Cu 2+ , the effect of other metal cations on the fluorescence intensity of BODIPY 1a was investigated. Alkali and alkaline-earth metal ions (e.g. Na + , Mg 2+ , K + , and Ca 2+ ) did not influence the fluorescence spectra of BODIPY 1a (See Supplementary Data). As shown in Figure 6 , no cations except Cu 2+ influenced the F 620 /F 581 ratio of BODIPY 1a. The white bars in Figure 6 represent the F 620 /F 581 upon addition of the other cations; in all cases the F 620 /F 581 remained less than 1. Subsequent addition of Cu 2+ to the solutions significantly increased the F 620 /F 581 ratio to around 18, as shown by the black bars in Figure 6 .
Furthermore, the fluorescence and absorption spectra of the resulting samples overlapped those of the BODIPY 1a samples to which only Cu 2+ had been added. This result indicates that BODIPY 1a 8 has good selectivity for Cu 2+ .
Conclusions
The present study describes the design, synthesis, and testing of four asymmetric BODIPY cation sensors based on 3-[bis(pyridine-2-ylmethyl)amino]-BODIPY, whose substituent groups at the 5-position differed in electron density. The samples were evaluated for their response to Cu 2+ .
Aromatic substitution increased the Stokes shift of all the BODIPY samples. Among BODIPY 1a−d, sulfonylphenyl-substituted BODIPY 1a showed the highest fluorescence quantum yield, largest absorption coefficient, and largest red-shift in both the fluorescence and absorption spectra in response to Cu 2+ . These results could indicate that the electron-withdrawing group at the 5-position prevented the quenching effect of Cu 2+ . BODIPY 1a furthermore showed good selectivity for Cu 2+ and exhibited ratiometric spectral change in both the absorption and fluorescence spectra depending on Cu 2+ concentration.
Experimental section
Materials and measurements
Unless otherwise stated, all reagents were purchased from commercial suppliers (Sigma-Aldrich, Wako Pure Chemical Industries, or Tokyo Chemical Industry) and used without further purification.
1 H and 13 C NMR spectra were recorded on a JEOL 400 (400 MHz 1 H; 100 MHz 13 C) spectrometer at room temperature. High resolution mass spectra (HRMS) were measured on a Thermo Scientific 9 Exactive or JEOL JMS-T100GCv mass spectrometer. Fluorescence spectra were obtained on a JASCO FP-6600 spectrofluorometer and absorption spectra were obtained on a JASCO V-630 spectrophotometer.
Synthesis
The synthetic route of BODIPY 1a−d is shown in Scheme 1. Reactions were monitored using 
Synthesis of compound 3
3,5-Dichloro-4,4-difluoro-8-(2,6-dimethylphenyl)-4-bora-3a,4a-diaza-s-indacene (3):
Compound 4 (740 mg, 2.33 mmol, 1 equiv.) was dissolved in dry toluene (80 mL) under nitrogen. 
General procedure for the synthesis of 5-subtituted-BODIPYs 2a−c
Compound 3 (1 equiv.), aryl boronic acid or aryl boronic ester (1.2 equiv.), cesium fluoride (3 equiv.), and tetrakis (triphenylphosphine) palladium (5 mol %) were dissolved in dry toluene. The reaction mixture was stirred with heating under nitrogen. After being cooled to room temperature, water was added to the mixture and the organic layer was extracted with dichloromethane. The combined organic layers were washed with brine and then dried over Na 2 SO 4 . The solvent was evaporated and the crude product was purified by column chromatography. 
3-Chloro-4,4-difluoro-5-[4-(2,2-dimethyl-propoxysulfonyl)phenyl]-8-(2,6-dimethylphenyl)-4-b ora-3a,4a-diaza-s-indacene (2a):
Synthesis of 5-subtituted-BODIPY 2d
3-Chloro-4,4-difluoro-5-methoxy-8-(2,6-dimethylphenyl)-4-bora-3a,4a-diaza-s-indacene (2d):
Compound 3 (50 mg, 0.14 mmol, 1 equiv.) was dissolved in absolute methanol (15 mL) under 15 nitrogen. Sodium methoxide (7.4 mg, 0.14 mmol, 1 equiv.) in methanol (5 mL) was added dropwise with stirring. The reaction mixture was stirred at room temperature for 30 min. The reaction was quenched with water and extracted with dichloromethane. The combined organic layers were washed with brine and then dried over Na 2 SO 4 . The solvent was evaporated and the crude product was purified by column chromatography on silica gel (hexane/ethyl acetate = 4/1) to yield compound 2d (48 mg, 96%) as a dark red solid. 
General procedure for the synthesis of BODIPY 1a−d
5-substituted BODIPY (1 equiv.) was dissolved in acetonitrile. Di(2-picolyl)amine (1.5 equiv.) and triethylamine (30 equiv.) were then added to the solution. The reaction mixture was refluxed with stirring under nitrogen. After being cooled to room temperature, ethyl acetate was added and the mixture was washed with water and brine. The organic layer was dried over Na 2 SO 4 , the solvent was evaporated, and the crude product was purified by column chromatography.
3-[Bis(pyridine-2-ylmethyl)amino]-4,4-difluoro-5-[4-(2,2-dimethyl-propoxysulfonyl)phenyl]-8-(2,6-dimethylphenyl)-4-bora-3a,4a-diaza-s-indacene (1a):
The reaction mixture was stirred for 3 16 h. The crude product was purified by column chromatography on aluminum oxide basic (hexane/ethyl acetate = 3/1) to yield compound 1a (80%) as a dark pink solid. 1 1a and Cu 2+ was evaluated by using a Benesi-Hildebrand plot. 31 The K d value can be calculated by dividing the slope by the intercept. The excitation slit width was 5.0 nm and the emission slit width was 6.0 nm. The detection limit (LOD, 3σ/slope) for Cu 2+ was determined based on the standard deviation (σ) in the fluorescence intensity of 11 blank solutions. 32 The fluorescence quantum yields were obtained by comparing the area under the corrected fluorescence spectrum of the test sample with that of a solution of Rhodamine 6G in ethanol, which has a reported quantum yield (Φ R ) of 0.95. 33 The quantum yield of fluorescence (Φ S ) for each sample was obtained from multiple measurements (N = 3) using the following Equation 1:
where Φ is the quantum yield, S is the integrated area of the corresponding fluorescence spectrum, 
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